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Carboxyfluorescein is the most commonly used probe to measure the rate of release of vesicle contents. The 
validity of the data obtained by this method depends on obtaining an end point based on the complete release 
of the dye on treatment of the liposomes with a detergent, usually Triton X-100. However, Triton does not 
completely release entrapped carboxyfluorescein from multilamellar iiposomes and the amount and rate of 
release of marker upon detergent treatment is a function of lipid composition of the liposome, Triton 
concentration and temperature and duration of detergent incubation. The fluorescence 'end point' for 
distearoyl-L-a-phosphatidylcholine/cholesterol (2:1, mol%) multilameilar liposomes treated with 0.5% Tri- 
ton at 22°C (a condition often used) is only about one-fifth the value for liposomes treated with 5% Triton at 
72°C. The conditions of treatment appear to affect the release of carboxyfluorescein from the lipid of the 
partially or completely disrupted liposome and the subsequent partitioning of the free dye into the aqueous 
phase. This effect can lead to serious errors in the interpretation of mnltilameilar liposome stability data. 
However, Triton allows complete release of entrapped dye from small unilamellar vesicles under all 
conditions tested. 
Introduction 
When liposomes are used as potential drug 
delivery systems, it is essential to accurately mea- 
sure their mechanical integrity, e.g., the rate at 
which entrapped drug molecules leak out under 
various experimental conditions. Carboxyfluores- 
cein, a fluorescent dye, is the most commonly used 
marker to assess the rates of leakage of water-solu- 
ble substances from liposomes [1,2]. The 
widespread use of carboxyfluorescein in this 
capacity is due to the sensitivity of the method 
and even more importantly, because the use of 
this marker eliminates the time-consuming process 
of separating free and encapsulated marker during 
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stability studies. Despite a pH dependency and a 
sensitivity to hydrophobic impurities, the carboxy- 
fluorescein method has developed into a standard 
technique for these purposes [1-4]. The validity of 
the data obtained by this method depends on the 
validity of several assumptions, namely: 
(1) That the entrapped carboxyfluorescein is 
completely self-quenched whereas there is little, if 
any self-quenching of the carboxyfluorescein re- 
leased into the external medium. The literature 
suggests no problems exist with this assumption. 
(2) That the treatment of the liposomes with 
Triton X-100 releases all of the carboxyfluores- 
cein. It is assumed that the dye readily partitions 
into the external medium and does not bind to or 
interact with intact or disrupted liposomes [1]. 
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This study presents data which clearly show the 
latter assumption to be invalid and a potential 
source of serious errors with respect to interpreta- 
tions of multilamellar liposome stability. 
Since the accuracy in interpreting stability data 
for liposomes under various experimental condi- 
tions, when expressed as the per cent of carboxy- 
fluoresoein remaining in the liposomes, is highly 
dependent on the accuracy of the post-Triton end 
point value, a study was initiated to determine the 
effects of Triton concentration and the tempera- 
ture and duration of Triton incubation on the end 
point value. Multilamellar liposomes consisting of 
saturated phospholipids and cholesterol were 
studied extensively since these lipids yield the 
most stable liposomes from a drug delivery point 
of view [17], and since the literature suggests that 
liposomes of this class may be somewhat resistant 
to Triton. Less stable multilamellar liposomes, 
composed primarily of egg lecithin were also 
studied for the sake of comparison. 
Materials and Methods 
Dipalmitoyl-L-a-phosphatidylcholine, distearo- 
yl-L-a-phosphatidylcholine, L-a-phosphatidylcho- 
line (derived from egg yolk), cholesterol and Tri- 
ton X-100 were purchased from Sigma Chemical 
Co., St. Louis, MO and used without further puri- 
fication. Crude carboxyfluorescein (Eastman 
Kodak, Rochester, NY) was purified by treatment 
with activated charcoal, recrystallization from 
ethanol and passage through a column of Sepha- 
dex LH-20 (Pharmacia, Inc., Piscataway, N J) [8]. 
The resultant carboxyfluorescein showed no im- 
purities as determined by TLC. 
Preparation of liposomes 
Multilamellar liposomes having the following 
lipid compositions were prepared: 
I, Distearoyl-L-a-phosphatidylcholine/choles- 
terol (2 : 1, mol%); 
II, Dipalmitoyl-L-a-phosphatidylcholine/cho- 
lesterol (2 : 1, mol%); and 
III, L-a-phosphatidylcholine. 
Lipid samples (30 #moles) dissolved in chloro- 
form were dried and residual solvent was removed 
in vacuo. The dried lipid was suspended by vortex- 
ing in 50 mM Hepes buffer containing 200 mM 
NaC1 and 100 mM carboxyfluorescein, final pH 
7.0. The resultant phospholipid concentration was 
about 30 raM. Empty liposomes were also pre- 
pared by a similar procedure but contained no 
carboxyfluorescein. The lipid mixtures were in- 
cubated for one hour with occasional vortexing at 
a temperature above the phase transition tempera- 
ture of the phospholipid component of the lipo- 
some; Lipid mixture III was incubated at 22°C. 
The dispersions were then sonicated for one min 
in a bath-type sonicator (Branson Cleaning 
Equipment, Shelton, CT) at the same temperature 
as the incubation. Free carboxyfluorescein was 
removed by passage of the dispersion through a 
1 × 45 column of Sephadex G-50 (Pharmacia, Inc., 
Piscataway, N J) or by centrifugation, three times, 
for 10 rain at 10000 rpm [17]. Removal of free 
carboxyfluorescein resulted in 5- to 20-fold dilu- 
tion of the dispersions. Also, the centrifuged pel- 
lets were reconstituted with varying volumes of 
buffer to yield dispersions having phospholipid 
concentrations ranging from about 1 to 30 mM. 
Small unilamellar vesicles composed of di- 
stearoyl-L-a-phosphatidylcholine/cholesterol (2 : 
1, mol%) and containing entrapped carboxyfluo- 
rescein were prepared by sonication of the multi- 
lamellar liposomes for two hours. Large uni- 
lamellar vesicles of similar composition were pre- 
pared by the method described by Magin and 
Weinstein [19]. Free carboxyfluorescein was re- 
moved by passage of the dispersion through a 
1 x 45 cm column of Sephadex G-50. 
Fluorescence measurement 
All fluorescence measurements were made with 
a Perkin-elmer, Model LS-5 spectrofluorometer 
(excitation and emission slit widths were 10 nm 
and 3 nm, respectively). Carboxyfluorescein was 
excited at 490 nm and emission was read at 520 
nm. Fluorescence is self-quenched at high con- 
centrations of carboxyfluorescein due to dye-dye 
interactions [18]. A standard curve of fluorescence 
vs. carboxyfluorescein concentration confirmed 
that entrapped carboxyfluorescein is completely 
self-quenched and the carboxyfluorescein freed by 
Triton treatment shows no or minimal self- 
quenching. 
In order to determine if Triton X-100 or the 
liposomes themselves interfere with the fluores- 
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cence of carboxyfluorescein, various concentra- 
tions of Triton (0.5% to 5.0%) and various con- 
centrations of distearoyl-L-a-phosphatidylcho- 
line/cholesterol and L-a-phosphatidylcholine 
empty liposomes were added to carboxyfluores- 
cein solutions. The mixtures were incubated for 90 
min at a temperature above the phase transition 
temperature of the phospholipid component of the 
liposome. The presence of detergent or liposomes 
had no affect on the fluorescence of carboxyfluo- 
rescein. 
Effect of Triton concentration and incubation tem- 
perature on fluorescence 
40 /~1 of liposomal dispersion (containing 50 
nmoles to 1.2 ~moles lipid), with entrapped car- 
boxyfluorescein were diluted with Hepes buffer. 
The samples were then incubated in various con- 
centrations of Triton X-100 at different tempera- 
tures for up to 90 min. The final volumes of the 
samples varied between 3.0 and 6.0 ml. The dis- 
tearoyl-L-a-phosphatidylcholine/cholesterol lipo- 
somes were incubated in 0.5% and 3% Triton at 
22°C and 72°C and in 5% Triton at 72°C; the 
dipalmitoyl-L-a-phosphatidylcholine/cholesterol 
liposomes were incubated in 0.5% and 3% Triton 
at 53°C; and the L-a-phosphatidylcholine lipo- 
somes were incubated in 0.5% and 3% Triton at 
22°C. In some experiments, distearoyl-L-a-phos- 
phatidylcholine containing liposomes, after 10 min 
of Triton incubation, were sonicated above or 
below the phase transition temperature of the 
lipid for 2, 3, 5 or 10 min. Fluorescence was 
determined at various time intervals for each of 
the experimental procedures described. 
Effect of Triton concentration on release of en- 
trapped sucrose 
In order to determine if the effects of Triton 
concentration on fluorescence are caused by the 
inability of the detergent to disrupt the liposomes 
completely, [14C]sucrose (New England Nuclear, 
Boston, MA) entrapped in distearoyl-L-a-phos- 
phatidylcholine/cholesterol multilameUar lipo- 
somes were treated with 0.5% and 3.0% Triton for 
15 min at 72°C. The samples were then centri- 
fuged three times at 10000 rpm for 10 min and 
the supernatants and pellet were assayed by liquid 
scintillation counting (Beckman Instruments, 
Model LS-9000) as described previously [17]. 
Results 
Effect of Triton concentration and incubation tem- 
perature on fluorescence 
The effects of Triton X-100 concentration and 
incubation temperature on distearoyl-L-a-phos- 
phatidylcholine/cholesterol multilamellar lipo- 
somes are shown in Fig. 1. The fluorescence values 
are depicted as relative values for the sake of 
clarity (absolute values are dependent on the ini- 
tial amount of carboxyfluorescein entrapped). The 
experimental condition yielding the highest fluo- 
rescence value for a given batch of liposomes 
(incubation with 5% Triton at 72°C for 90 min) 
was assigned a value of 100. It is conceivable that 
even higher absolute values can be obtained under 
more strenuous experimental conditions. The rela- 
tive values of the four liposome batches tested 
agreed to within about 2-3%. Since these batches 
represented 10- to 20-fold differences in lipid con- 
centration, the effects of Triton concentration and 
incubation temperature appear to be independent 
of lipid concentration. 
The post-Triton end point depends strongly on 
the incubation temperature and Triton concentra- 
tion. At an incubation temperature below the phase 
transition temperature of distearoyl-L-a-phospha- 
tidylcholine (22°C), the fluorescence was consid- 
erably more time dependent than at an incubation 
temperature above the phase transition tempera- 
ture (72°C). It is indeed striking that the fluores- 
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Fig. 1. Relative fluorescence as a function of the time of 
incubation for disteaxoyl-L-a-phosphatidylcholine/cholesterol 
(2:1, tool%) liposomes containing entrapped carboxyfluores- 
cein and incubated with various concentrations of Triton X-100 
at different temperatures. Key: ( ~ )  0.5% Triton at 22°C; (O) 
3.0% Triton at 22°C; (~,) 0.5% Triton at 72°C; (ll) 3.0% 
Triton at 72°C; (A) 5.0% Triton at 72°C. 
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cence 'end point' for liposomes treated with 0.5% 
Triton at 22°C (a condition often used) is only 
about one-fifth the value for liposomes treated 
with 5% Triton at 72°C. Sonication of the samples 
for various periods of time up to 20 rain (after 10 
min of incubation) resulted in increased values of 
fluorescence only for samples incubated at tem- 
peratures below the phase transition temperature. 
The effect of Triton concentration on dipalmitoyl- 
L-a-phosphatidylcholine/cholesterol liposomes 
(0.5% and 3.0% Triton incubated at 53°C) was 
similar to that of the distearoyl-L-a-phosphati- 
dylcholine/cholesterol liposomes. In the former 
case the higher Triton concentration treatment 
resulted in a fluorescence value 1.3-times greater 
than for the lower Triton concentration treatment, 
whereas the value for the latter case is 1.4. 
The effects of Triton X-100 concentation on 
L-a-phosphatidylcholine multilamellar liposomes 
are shown in Fig. 2. Again the fluorescence values 
are depicted as relative values for the sake of 
clarity. Even for the case of the relatively unstable 
egg lecithin liposomes, treatment with 3% Triton 
results in an 'end point' about 25% higher than 
treatment with 0.5% Triton. 
Treatment of distearoyl-L-a-phosphatidylcho- 
line/cholesterol small unilamellar vesicles and 
large unilamellar vesicles with Triton resulted in 
complete release of the dye within 10 min for 
Triton concentrations of 0.5% and 1% at both 
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Fig. 2. Relat ive f luorescence as a func t i o  o f  the t ime  o f  
incubation for L-a-phosphatidylcholine (egg lecithin) liposomes 
containing entrapped carboxyfluorescein and incubated with 
Triton X-100 at 22°C. Key: ( 0 )  0.5% Triton; (11) 3.0% Triton. 
Effect of Triton concentration on release of en- 
trapped sucrose 
Release of entrapped [14C]sucrose by 0.5% and 
3.0% Triton, as determined by liquid scintillation 
counting, was 96% and 98%, respectively. Thus, 
the effect of Triton on fluorescence readings, un- 
der the experimental conditions described, does 
not appear to be due to the inability of Triton 
(even at a concentration of 0.5%) to disrupt the 
liposomes sufficiently so as to allow release of 
water-soluble marker into the aqueous phase. 
Discussion 
Stability of liposomes (often expressed as the 
per cent of carboxyfluorescein remaining in the 
liposomes) is usually determined by measuring the 
fluorescence of a diluted liposomal dispersion be- 
fore and after treatment with Triton X-100. This 
detergent treatment is assumed to free all of the 
carboxyfluorescein which then partitions totally 
into the aqueous phase (assumption 2). There is 
great variability in the methods used to determine 
the post-Triton X-100 fluorescence end point 
[1-14]. For example, the final concentration of 
Triton used varies from 0.1% to 2.5% and the 
temperature of incubation with Triton varies from 
those below to those above the phase transition 
temperature of the phospholipid component of the 
liposome. Furthermore, the concentration of Tri- 
ton used and the temperature and duration of 
incubation are often not reported. 
There are a number of reports in the literature 
which indicates that liposomal treatment with Tri- 
ton does not completely release entrapped marker 
and the amount and rate of release of marker 
upon detergent treatment is a function of lipid 
composition of the liposome, Triton concentration 
and temperature and duration of detergent in- 
cubation. Parente and Lentz [7] reported that it 
was necessary to record fluorescence measure- 
ments for two hours to ensure complete release of 
marker after Triton treatment. Senior and 
Gregoriadis [20] reported that higher temperatures 
(e.g., boiling) lead to increased carboxyfluorescein 
release from multilamellar liposomes. Inoue and 
Kitagawa [13], in an extensive study of the sensi- 
tivities of various glucose encapsulated liposomes 
to Triton, concluded that lipid membranes in the 
gel state are more sensitive to detergent than 
membranes in the liquid-crystalline state. They 
also reported that the rate and extent of release of 
marker were dependent on a number of variables 
such as lipid composition of the bilayer and the 
type of liposome studied (multilamellar vs. small 
unilamellar). Kinsky et al. [15] reported that lipo- 
somes composed primarily of sphingomyelin 
showed resistance to the action of Triton whereas 
liposomes composed primarily of egg lecithin did 
not. Dipalmitoyl-L-a-phosphatidylcholine lipo- 
somes with 50 mol% of cholesterol also resisted 
the detergent [16]. 
It is generally accepted that disruption of lipo- 
somes by detergents, even at concentrations of 
0.5%, is straightforward, resulting in the instanta- 
neous destabilization of the liposome with total 
liberation and subsequent partition into the aque- 
ous phase of the water-soluble marker (see for 
example, Ref. 2). The results of this study show 
that when carboxyfluorescein is used as the aque- 
ous marker, one can not safely make this assump- 
tion for multilamellar liposomes. 
For both 'stable' liposomes (composed of 
saturated phospholipids and cholesterol) and 'un-  
stable' liposomes (composed of egg lecithin), the 
post-Triton fluorescent end point is very depen- 
dent on the concentration of Triton used to dis- 
rupt the liposome and slightly dependent on the 
time of incubation. Also, for 'stable' liposomes, 
the end point is very dependent on incubation 
temperature. 
The reason for these effects is not clear but the 
results can not be explained solely on the basis of 
the degre of 'leakiness' of the liposome upon 
treatment by Triton. Since sucrose is completely 
liberated even at low Triton concentrations, the 
conditions of treatment (Triton concentration and 
incubation temperature) appear to affect the re- 
lease of carboxyfluorescein from the lipid of the 
partially or completely disrupted liposome and the 
subsequent partitioning of the free dye into the 
aqueous phase. 
Irrespective of the reason for these effects, there 
are important practical implications with respect 
to the use of carboxyfluorescein in evaluating mul- 
tilamellar liposome stability. An example using 
the data in Fig. 1 can illustrate this potential 
problem. If a stability data point results in a 
169 
relative fluorescence reading of 10, the total per- 
centage of leakage calculated will be dependent on 
the condition of the post-Triton end point. If the 
end point was calculated using 0.5% Triton in- 
cubated at 22°C (relative fluorescence = 20), the 
leakage will be estimated at about 50%. If, how- 
ever, the end point was calculated using 5.0% 
Triton incubated at 72°C (relative fluorescence = 
100), the leakage will be estimated at about 10%. 
Clearly, differences of this magnitude can lead 
to serious errors in the determination of stability 
data. Standardization of the procedure used to 
obtain the post-Triton end point is  needed to 
obtain reliable 'relative' stability data such as a 
comparison of the effects of storage conditions on 
stability or batch-to-batch variability. However, 
even such standardization will not yield accurate 
values of the absolute amount of material released 
since it is possible that higher Triton concentra- 
tions or higher incubation temperatures could re- 
sult in even further release of dye. Furthermore, 
since the lipid composition of the liposome could 
affect the post-Triton end point, the reliability of 
the fluorescence method to compare the stability 
of multilameUar liposomes of different composi- 
tions would be suspect. 
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